To develop a machinable aluminum alloy composite with high strength, high rigidity and low thermal expansion rate, potassium hexatitanate short fibers were selected as the reinforcements for the composite. JIS-AC8A alloy was used as the matrix metal, and two kinds of potassium hexatitanate short fibers were used as the reinforcements. The composites were fabricated by squeeze casting. The microstructure, thermal conductivity, thermal expansion behavior, and mechanical properties under compressive stress of the composites were investigated. These properties of the composites were compared with those of the unreinforced AC8A alloy and the composites reinforced with various reinforcements such as potassium titanate whisker and aluminum borate whisker. Optical microscopy revealed that the reinforcements were three-dimensionally arranged in the alloy matrix, and no agglomeration of the reinforcements or porosity was observed, indicating that the melt infiltration into the reinforcement preform was perfectly accomplished. The thermal conductivity of the composite decreased as the reinforcement volume fraction increased, and the value of the short fiber-reinforced composite is similar to that of the potassium titanate whiskerreinforced composites. This tendency can be roughly estimated by Landauer's model. The average thermal expansion coefficient of the composite decreased as the volume fraction increased, and the experimental values were in good agreement with the theoretical values calculated using the Shi's model. Although the compressive elastic modulus and 0.2% proof stress increased due to the reinforcement at both room temperature and 523 K, the increase in the volume fraction from 25 vol% to 45 vol% had a small effect on improving these mechanical properties for the short fiber-reinforced composite.
Introduction
The use of aluminum alloys has increased in many industrial applications because the reduction in the weight and size of the products, such as automobile parts, has recently been promoted. These applications often require an increase in the strength, rigidity and wear resistance and also require a decrease in the thermal expansion of the aluminum alloy. In addition, for products such as a permanent mold for injection molding of resins, a low thermal conductivity is sometimes required to insulate the heat flow from the mold to air to maintain the high mold temperature. To satisfy these requirements, reinforcement of the aluminum alloy with ceramic fibers or particles has been proposed. 16) However, there is a concern about a decrease in the machinability of the aluminum alloy by reinforcing with ceramics, 79) because ceramics are generally difficult to machine. To develop a machinable aluminum alloy composite having a high rigidity, a low thermal expansion and low thermal conductivity, we have focused on potassium titanate as the reinforcement because it has a low coefficient of thermal expansion and hardness and a high rigidity. Although several investigations have been conducted on the aluminum alloy composites reinforced with potassium titanate whiskers, 1014) the whiskers are considered harmful to the respiratory system.
15)
The potassium hexatitanate short fiber, having a greater diameter and length than the whisker, was developed to reduce this concern. 16) Based on these findings, we fabricated AC4A aluminum alloy composites reinforced with the potassium hexatitanate short fibers by squeeze casting and clarified that the coefficient of thermal expansion of the composites and their thermal conductivity were lower than those of the unreinforced aluminum alloy. 17) In the present study, the thermal properties and the compressive properties were compared with the composites reinforced with potassium titanate whiskers and aluminum borate whiskers. It should be noted that the JIS-AC8A aluminum alloy was used as the matrix alloy of these composites by assuming the application under higher temperature, and the diameter and length of the potassium hexatitanate short fibers used were smaller than that used for the previous work in order to obtain composites in which the fibers are three-dimensionally arranged.
Experimental Procedure
The JIS -AC8A aluminum alloy with the chemical composition shown in Table 1 was used as the matrix metal. Two kinds of potassium hexatitanate short fibers (TXAX, Kubota Co.), which have a different size and hardness, were used as the reinforcements (denoted fibers A and B). Potassium titanate whiskers and aluminum borate whiskers (denoted TW and BW, respectively) were also used to compare the properties of the composites with the composites reinforced with fibers A and B. The composition and 
EXPRESS REGULAR ARTICLE
properties of the reinforcements 10, 14, 16, 1820) are shown in Table 2 . The Vickers hardness of the fibers is 250300 HV, which is considerably lower than that of the aluminum borate whisker and alumina (15002000 HV 21) ). Figure 1 shows SEM micrographs of the reinforcements. The diameter and length of the fibers A and B are smaller than that used for the previous work, 17) whose average diameter and length are respectively 30 and 150 µm.
The preforms were fabricated as follows. The reinforcements were dispersed using careful agitation in an aqueous medium containing polyvinyl alcohol (PVA) as an organic binder and Al 2 O 3 sol as an inorganic binder. Dewatering was conducted by press forming, followed by drying at 373 K for 3 h to drive off any residual free water and to obtain the bond strength among the fibers due to the PVA. After drying, the preform was sintered at 1173 K for 1 h to burn off the PVA and generate the strength due to the presence of the Al 2 O 3 binder. The preform had a 50 mm diameter and a 20 mm thickness. The volume fraction of the reinforcements in the composite (hereinafter V r ) was controlled at 25 and 45 vol%. Due to the difficulty of the forming of the preform with low V r of BW, the V r of BW was only 45 vol%. Figure 2 shows the SEM micrograph of a preform (fiber B, V r = 25 vol%). In the preform, the fibers were oriented in a three-dimensionally random configuration, and the fibers construct the network by contacting each other through the medium of the residual Al 2 O 3 binder on the surface of the fibers.
The composites were fabricated by squeeze casting. The preform was horizontally placed in the mold, and the AC8A alloy melt (1073 K) was poured into the mold (673 K). Pressure (40 MPa) was quickly applied and maintained until the solidification was complete. The macrostructure of a vertical section of a composite indicated that the melt infiltration was perfectly accomplished with no observable defects. The height of the composite was approximately 20 mm, which is almost equal to that of the preform before the infiltration. This indicates that the infiltration was successful without any preform contraction or deformation.
The microstructure and hardness of the composites were examined. The hardness was measured using a Vickers hardness tester under a load of 98 N for 15 s.
The disc test pieces of 10 mm diameter and 1.5 mm thickness for the thermal conductivity measurements were machined from the composite. After measuring the thermal diffusivity using the laser flash technique, the thermal diffusivity was substituted into eq. (1) to calculate the thermal conductivity:
where is the thermal conductivity (W/(m·K)), a is the thermal diffusivity (m 2 /s), C p is the specific heat (J/(kg·K)), and μ is the density (kg/m 3 ). The specific heat of the composite was measured by a mixing method at 370 K. μ was measured using the Archimedian principle. The laser flash was performed three times per specimen at 300 K.
The bar test pieces of 5 mm diameter and 15 mm length for the thermal expansion test were machined from the composite. The thermal expansion rate from 333 K to 673 K was measured using a dilatometer at atmospheric pressure. 15 m μ 
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The heating and cooling rates were 10 K/min, and the applied load was 4.9 © 10 ¹2 N. The heating and cooling were conducted three times for every composite. Because nearly constant dilatation characteristics were observed after the first cycle in every composite, the average coefficient of the thermal expansion (abbreviated CTE) was obtained from the thermal expansion curve gradient between 333 K and 373 K during the second heating process.
where ¡ is the CTE, L is an initial length measurement and "L/"T is the rate of change in that linear dimension per unit change in temperature.
Compressive test pieces of 8 mm diameter and 12 mm height were machined from the composites. A compressive test was performed to obtain the elastic modulus and 0.2% proof stress at room temperature and 523 K. The crosshead speed was 2.5 © 10 ¹5 m/s. The elastic modulus was obtained by measuring the gradient of a proportional region of the stress-strain curves, and the 0.2% proof stress was determined by the intersection of a line offset from the linear region by the strain of 0.2%. Figure 3 shows the optical micrographs of the composites. The reinforcements were observed as the dark phases in the micrographs. No agglomeration of the reinforcements or porosity is observed in the composite, indicating that the melt infiltration into the preform was perfectly accomplished. The reinforcements were in three-dimensionally random arrangement. Figure 4 shows the density of the composites as a function of V r . In this figure, the theoretical values calculated using the rule of mixture (ROM) expressed as eq. (3) are shown along with the experimental values:
Results and Discussion

Microstructure, density and hardness
where μ c , μ r , and μ m are the density of the composite, reinforcement, and matrix, respectively. Figure 4 demonstrates that the experimental values are in good agreement with the calculated values and that the density of the reinforcements directly affects that of the composites. Figure 5 shows the Vickers hardness of the composites as a function of V r . It shows that the hardness increases as the reinforcement volume fraction increases. The hardness of composite BW was the highest due to the highest hardness of the reinforcement, and the experimental values are smaller than that of the values calculated using eq. (3), replacing each value of density with hardness. The experimental values of short fiber-and potassium titanate whisker-reinforced composites (A, B and TW) are in good agreement with their calculated values. As stated earlier, these reinforcements construct the network in the preform by contacting each other through the sintered Al 2 O 3 binder, and that would give composites the compressive resistance to some extent. If the reinforcement is not so hard, the compressive resistance due to the sintering effect would be large. That would be why the experimental values of composites reinforced with the short fiber-and potassium titanate whisker, whose hardness are not large, are in good agreement with the calculated ones.
3.2 Specific heat, thermal diffusivity and thermal conductivity Figure 6 shows the specific heat of the composites as a function of V r . The specific heat decreased as the V r increased. The theoretical values calculated using the rule of mixture (ROM) expressed as eq. (3) (replacing each value of density with specific heat) of the short fiber-reinforced composite (A and B) is 943 J/(kg·K) at 25 vol% and 937 J/(kg·K) at 45 vol%, respectively. These values are quite larger than those of the experimental values, as shown in Fig. 6 , indicating that the interface between the reinforcements and matrix may act as an obstacle to decrease the specific heat. Figure 7 shows the thermal diffusivity of the composites as a function of V r , showing that the thermal diffusivity decreased as V r increased for every composite.
The thermal conductivity of the composites is plotted versus V r in Fig. 8 , showing that thermal conductivity decreased as V r increased, as with the thermal diffusivity shown in Fig. 7 . The decrease in the thermal conductivity is due to the reinforcement having a lower thermal conductivity than the AC8A alloy. The difference in the values between the short fiber-reinforced composites (A and B) and the whisker-reinforced composites (TW and BW) is hardly seen. In Fig. 8 , the theoretical values of the thermal conductivity calculated using Landauer's model 22) are shown along with the experimental values. It is reported that the values calculated using Landauer's model expressed as eq. (4) for random mixtures of two components agree with the experimental values:
where c , r , and m are the thermal conductivities of the composite, reinforcement, and matrix, respectively. D is calculated using eq. (5): Figure 8 shows that the values calculated using Landauer's model are nearly the same as the experimental values. This indicates that the thermal conductivity of the composite in the present study can be roughly estimated. This good agreement is probably due to the dispersion of reinforcements in the composite: Landauer's model takes into account a connectivity between the reinforcements in the composite when the volume fraction of the reinforcement is large, and the reinforcements construct the network with each other in the present study, as shown in Fig. 2. Figure 9 shows the CTE as a function of V r . For the whisker-reinforced composite, a micromechanical modelling was proposed by Liansheng Shi, expressed as the following eq. (6). 20 )
Thermal expansion behavior
where K is the elastic modulus and G is the shear modulus, and the subscripts c, m and r represent composite, matrix and reinforcement, respectively. 25.5 GPa, 23) the literature value of the shear modulus of the AC8A alloy, is used for G m . It is reported that the CTEs of the composites are closer to the values calculated by the micromechanical modelling than by those based on ROM modelling. 20) Therefore, we used the Shi model to estimate the theoretical values. These values are shown along with the experimental values in Fig. 9 . The experimental values decreased as V r increased. The experimental values were in good agreement with the theoretical values, indicating that the CTE of the composite used in the present study can be easily predicted. The difference in the values among the composites A, B and TW is hardly seen, while the value of the composite BW was lower than those. This result indicates that the size or shape of the reinforcements in the composites hardly affects the CTE of the composites. Figure 10 shows the stress-strain curves under compressive load at room temperature. The stress gently increased as the strain increased for the AC8A alloy, while the stress sharply increased for the composites. The ductility of the alloy decreased due to the reinforcement. The aluminum borate whisker-reinforced composite (BW) showed the highest resistance to deformation (Fig. 10 (c) ).
Compressive properties
As shown in Fig. 11 , a similar tendency was seen at 523 K, except that the maximum stress is smaller and the elongation to failure is larger than those at room temperature. Curves for the composites A, B and TW sometimes show the complex behavior; the stress increases at first, then decreases, followed by maintaining the low stress before the failure. This would be due to the following reason; although the stress decreases when some reinforcements in a composite break during the compressive process, other reinforcements still construct the network by contacting each other through the binder, and that would maintain the compressive strength to some extent and prevent the complete failure of the composites. Figure 12 shows the elastic modulus as a function of V r . Although the elastic modulus increased due to the reinforcement at both room temperature and 523 K, the increase in the volume fraction from 25 vol% to 45 vol% had a smaller effect on increasing the values for the short fiber-reinforced composite (A and B) . The increase in V r would have two opposite effects on the elastic modulus; the role to increase the modulus due to the reinforcement, and the role to decrease the modulus due to the increase in the stress concentration point (mainly fiber-to-fiber contact point). The increase in V r would enhance the latter role. This would be why the effect on increasing the elastic modulus was smaller at higher V r . A similar tendency was observed for the potassium titanate whisker-reinforced composite (TW), while the elastic modulus of the aluminum borate whiskerreinforced composite (BW) is larger than those of the potassium titanate fiber and whisker-reinforced composites. This is due to the fact that the elastic modulus of the aluminum borate whisker (400 GPa) is larger than that of potassium titanate (280 GPa), as shown in Table 2 . Figure 13 shows the 0.2% proof stress as a function of V r . Although the proof stress increased due to the reinforcement at both room temperature and 523 K, the increase in the volume fraction from 25 vol% to 45 vol% had a small effect on increasing the values for the short fiber-reinforced composite. We believe that the mechanism that higher V r has the smaller effect on increasing the proof stress is the same as that for the elastic modulus, as stated earlier. It should be noted that the effect of the increase in proof stress of the potassium titanate whisker-reinforced composite (TW) can be clearly seen even at 45 vol%. At the edge of the reinforcement aligned parallel to the stress direction, the shear stress at the reinforcement-matrix interface is the highest. 21) Therefore, the smaller the aspect ratio of the reinforcement, the lower the strengthening effect of the reinforcement. The aspect ratio of the potassium titanate whisker (30) is larger than that of the short fiber (A: 5.0, B: 4.5), and the higher aspect ratio of the whisker can be effective for improving the proof stress at high volume fraction. It is considered that the effect of the aspect ratio would be pronounced at higher V r because reinforcements aligned parallel to the stress direction increase as the V r . As shown in Fig. 12 , however, the effect of the aspect ratio on the elastic modulus cannot be clearly seen. We believe the effect of the aspect ratio would be small under the elastic deformation of the matrix and the effect would be pronounced under the plastic deformation of the matrix.
Although the aspect ratio of the short fiber is smaller than that of the whisker, almost the same effect for improving the compressive properties can be seen at 25 vol%.
The 45 vol% aluminum borate whisker-reinforced composite (BW) showed the largest proof stress among the composites.
Conclusions
The present study has led to the following conclusions.
(1) The reinforcements were three-dimensionally arranged in the alloy matrix, and no agglomeration of the reinforcements or porosity was observed. The experimental values of the density and hardness are in good agreement with the values calculated using ROM, except for the experimental values of the hardness of the 45 vol% aluminum borate whisker-reinforced composite. (2) The reinforcement with the short fibers and the whiskers decreased the thermal conductivity of the alloy. The value of the short fiber-reinforced composite is similar to that of the potassium titanate whiskerreinforced composites. The experimental values were in good agreement with the values calculated using Landauer's model. (3) The reinforcement with the short fibers and whiskers decreased the coefficient of thermal expansion of the alloy. The experimental values were in good agreement with the theoretical values calculated using the Shi's model. (4) The compressive elastic modulus and 0.2% proof stress increased as the reinforcement volume fraction increased at both room temperature and 523 K. For the short fiber-reinforced composite, the increase in these values was smaller between 25 vol% and 45 vol%.
